ϩ -K ϩ -ATPases are ion pumps that use the energy of ATP hydrolysis to transport protons (H ϩ ) in exchange for potassium ions (K ϩ ). These enzymes consist of a catalytic ␣-subunit and a regulatory ␤-subunit. There are two catalytic subunits present in the kidney, the gastric or HK␣ 1 isoform and the colonic or HK␣2 isoform. In this review we discuss new information on the physiological function, regulation, and structure of the renal H ϩ -K ϩ -ATPases. Evaluation of enzymatic functions along the nephron and collecting duct and studies in HK␣ 1 and HK␣2 knockout mice suggest that the H ϩ -K ϩ -ATPases may function to transport ions other than protons and potassium. These reports and recent studies in mice lacking both HK␣ 1 and HK␣2 suggest important roles for the renal H ϩ -K ϩ -ATPases in acid/base balance as well as potassium and sodium homeostasis. Molecular modeling studies based on the crystal structure of a related enzyme have made it possible to evaluate the structures of HK␣ 1 and HK␣2 and provide a means to study the specific cation transport properties of H ϩ -K ϩ -ATPases. Studies to characterize the cation specificity of these enzymes under different physiological conditions are necessary to fully understand the role of the H ϩ -K ϩ ATPases in renal physiology.
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adenosine 5Ј-triphosphatase; potassium THE H ϩ -K ϩ -ATPASES use the energy of ATP hydrolysis to pump hydrogen (H ϩ ) 1 and potassium (K ϩ ) ions against their concentration gradients. Because they form a high-energy phosphorylated intermediate during the catalytic cycle, these enzymes are classified as P-type ATPases. They consist of two subunits. The large, ϳ100-kDa, ␣-subunit contains 10 transmembrane helices and houses the catalytic site and the ion translocating pathways. A second, smaller glycosylated ␤-subunit, ϳ30 kDa, is required for proper trafficking and processing of the enzyme. The first evidence for an H ϩ -K ϩ -ATPase in the kidney came from studies performed in the outer medullary collecting ducts (OMCD) of rabbits maintained on low-K ϩ diets (93) . Total CO 2 flux (a measure of H ϩ secretion) and K ϩ flux were recorded, and both were sensitive to omeprazole, an H ϩ -ATPase, is well known for its role in acidifying the stomach contents. The HK␣ 2 H ϩ -K ϩ -ATPase has been termed the nongastric or colonic H ϩ -K ϩ -ATPase and was found to be abundant in and cloned from the colon (20). The HK␣ 1 H ϩ -K ϩ -ATPase is sensitive to micromolar concentrations of imidazopyridine, 2-methyl-8-(phenylmethoxy)imidazol [1,2a] pyridine-3-acetonitrile (Sch-28080) (87) , and the seminaphthoquinone A80915A (21), 2 whereas relatively high concentrations of ouabain, a classic inhibitor of the Na ϩ -K ϩ -ATPase, have been used to assess the physiological contribution of the HK␣ 2 H ϩ -K ϩ -ATPase (16, 85) . Both enzymes acidify the tubular fluid and reabsorb K ϩ in the kidney. For more information on the molecular regulation and pharmacology of these enzymes, the reader is referred to several recent review articles (5, 15, 67, 74, 107) . In the following sections, we summarize novel information about the physiological role, regulation, and structure of renal H ϩ -K ϩ -ATPases.
Physiology of Renal H
Localization of HK␣ 1 and HK␣ 2 expression in the kidney. Studies to localize HK␣ 1 and HK␣ 2 mRNA and protein expression throughout the kidney have been performed in rat, rabbit, and mouse (Table 1) . While some differences in the activity and ion affinity profiles may be attributed to speciesspecific factors (discussed below), the localization of renal HK␣ 1 and HK␣ 2 is largely consistent between species. Both isoforms primarily localize to the collecting duct (CD), although several reports suggest HK␣ 2 expression in the thick ascending limb (TAL) (47, 83) and connecting tubule (CNT) (2, 24, 83) . HK␣ 1 mRNA and protein were identified in the cortex of rat (1, 6) and rabbit (95) , in the outer medulla of mouse (55) , rat (1, 6) , and rabbit (95) , and in the inner medulla of mouse (55) and rat (1, 6) . Specifically, HK␣ 1 was localized to intercalated cells of the OMCD of rat (1, 6) and rabbit (95) . HK␣ 2 is expressed in the CD of rat (2), rabbit (83) , and mouse (99) as well.
Role of H ϩ -K ϩ -ATPases in K ϩ reabsorption and hypokalemia. The majority of reports indicate that HK␣ 2 H ϩ -K ϩ -ATPase mRNA and protein expression are increased with dietary K ϩ depletion as shown in Table 2 . This effect is well established in studies from rat and has been confirmed at the whole kidney level in mouse. Only one study (3) Tables 3 and 4) . Additionally, luminal ouabain sensitivity, indicative of HK␣ 2 H ϩ -K ϩ -ATPase, was reported in the rat OMCD and inner medullary collecting duct (IMCD) but was not additive with the effect of Sch-28080 (53, 56) . In the terminal IMCD (tIMCD) of K ϩ -restricted rats, ouabain inhibited steady-state acid secretion both in the presence and absence of Sch-28080 (85) . Overall, the data suggest that both HK␣ 1 and
, and the relative roles of both these H ϩ -K ϩ -ATPases in hypokalemia are discussed further below. K ϩ -stimulated ATPase activity has been reported in the CD of both rabbit and rat (74) . As shown in Table 3 , the most extensive studies of these separate types of K ϩ -ATPase activities comes from the Doucet laboratory (22), examining the distinct activities of the nephron segments and the CD in animals adapted to a normal or a K ϩ -depleted diet. K ϩ -ATPase activity has been identified in isolated microdissected nephron segments of rat, and all of the activities are sensitive to Sch-28080, which suggests that they arise from HK␣ 1 H ϩ -K ϩ -ATPase. Three distinct enzymatic subtypes of K ϩ -ATPase activity were described, which exhibit different characteristics (Table 3 ). In brief, K ϩ -dependent ATPase activity in the CD was classified as either type I or type III. Type I was Sch-28080 sensitive and ouabain insensitive and was present in the cortical collecting duct (CCD) and OMCD of rats maintained on a normal-K ϩ diet (9) . This activity exhibited a pharmacological profile that was virtually identical to the classic K ϩ -ATPase obtained from microsomes from the gastric mucosa. Type III activity, defined as partially Sch-28080-and ouabain sensitive, replaced type I activity in rats fed a low-K ϩ diet (9) . A recent study reported the existence of type I and type III activities in mouse and further characterized both activities in HK␣ 1 Table  3 may require further clarification.
Another pharmacologically distinct K ϩ -ATPase activity (type II) was discovered in the early proximal tubule (PT) and TAL of rat (97) . This unique activity was Sch-28080-and ouabain sensitive and was markedly reduced during K ϩ depletion (9) . Type II activity was similar to type III in pharmacology, yet different because 1) it was almost completely absent during K ϩ depletion and 2) it was not stimulated by Na ϩ . Beltowski and Wójcicka (8) reported the existence of type II activity in the cortex and medulla by an independent method; however, it was not possible to conclude in which nephron segment(s) the activity existed. The presence of type II activity has not been described in HK␣ 1 -or HK␣ 2 -null mice.
Role of flux in isolated CDs revealed that the enzyme's activity could be controlled by the application of barium, a K ϩ channel blocker (101, 105) . Barium was shown to block HCO 3 Ϫ reabsorption in the CCD when applied either to the luminal perfusate, under K ϩ -replete conditions, or to the peritubular fluid, under K ϩ -restricted conditions. K Rb reabsorption was also inhibited by peritubular barium under K ϩ -restricted conditions. From these data, a model was proposed coordinating the H ϩ -K ϩ -ATPase with apical and basolateral channels, suggesting coordinated H ϩ secretion with apical membrane recycling of K ϩ during K ϩ repletion and K ϩ reabsorption via basolateral K ϩ channels during K ϩ depletion (Fig. 1) . Indeed, the mRNA expression of H ϩ -K ϩ -ATPases has been studied in states of metabolic acidosis as well. A recent study of CD genes regulated by chronic metabolic acidosis in mice showed that, after 3 days of 0.7 M NH 4 Cl loading, HK␣ 1 and HK␣ 2 expression, determined by real-time PCR, in isolated OMCD increased ϳ15 fold and ϳ2-fold, respectively, compared with control levels (11) . After 14 days of acid loading, OMCD expression of HK␣ 1 was not different from control, whereas HK␣ 2 gene expression was approximately threefold greater than control levels. Analysis of intracellular pH (pH i ) recovery in split-open CCD from rabbits subjected to chronic metabolic acidosis (0.075 M NH 4 Cl for 10 -14 days) demonstrated a threefold stimulation of Sch-28080-inhibitable and K ϩ -dependent H ϩ secretion, suggesting that H ϩ -K ϩ -ATPases may play a role in the kidney's response to chronic metabolic acidosis (72, 73) . -ATPase through an intracellular calciumdependent, microtubule-dependent and a Golgi vesicle transport-dependent process indicative of membrane vesicle insertion into the apical plasma membrane (27). These observations are consistent with studies on the stimulation of K ϩ reabsorption by 10% CO 2 to mimic respiratory acidosis in the CCD of K ϩ -deplete rabbits that was blocked by calmodulin inhibition or attenuating changes in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) (102) . Combined, these findings suggest that both ammonia and respiratory acidosis stimulate a calcium-dependent mechanism of H ϩ extrusion via an H ϩ -K ϩ -ATPase. Additionally, HK␣ 2 mRNA expression in the rabbit CCD has been shown to be significantly increased during acute metabolic alkalosis induced by dietary HCO 3 Ϫ loading (25). Sch-28080 also significantly inhibited the increased HCO 3 Ϫ reabsorption observed in distal tubules (DT) and CCD from 3 The term "ammonia" refers to the total of (NH 4 ϩ ϩ NH3). 42) or predispose normotensive individuals to NaCl-sensitive hypertension (43) . Moreover, mild K ϩ depletion appears to worsen hypertension in part by promoting renal Na ϩ retention (41) . Given the effect of chronic hypokalemia to reduce plasma aldosterone concentrations, such observations suggest that an as yet not fully understood renal adaptive mechanism exists that exerts greater control of Na ϩ excretion than plasma aldosterone. Conversely, diets with a large K ϩ content have been associated with improvement in systemic hypertension (50, 64) . At least for HK␣ 1 , there appears to be a significant interaction of Na ϩ and K ϩ for reabsorption by an apparent common mechanism. This observation is supported by work performed in native renal (104) and gastric (77) (75) . These findings suggest at least two explanations, either that yet a third isoform (possibly an ␣/␤ pair that has not been characterized) is induced under these conditions or that the increase in pump activity occurred as a posttranslational event. Supporting the former, Petrovic et al. (61) over half of the acid secretion that occurs in the PT. Rats treated with acetazolamide, which causes renal HCO 3 Ϫ wasting, also exhibited upregulated cortical HK␣ 2 (89) . Of particular interest, NHE-3-null mice have profoundly reduced HCO 3 Ϫ reabsorption in the PT, with only slightly decreased serum HCO 3 Ϫ levels compared with wild type (WT) (66) . In an attempt to resolve the compensatory acid secretion mechanism limiting the development of substantial metabolic acidosis in NHE-3-null mice, Nakamura et al. (54) studied net HCO 3 Ϫ absorption in the OMCD and concluded that the HK␣ 1 H ϩ -K ϩ -ATPase is involved in the adaptive changes in these mice. Specifically, there was a greater Sch-28080-sensitive acid secretion and upregulation of HK␣ 1 mRNA in the OMCD from NHE-3-null compared with control mice. Nakamura et al. reported that renal HK␣ 2 H ϩ -K ϩ -ATPase does not play a compensatory role in the NHE-3-null mice since the renal HK␣ 2 mRNA was undetectable in kidney and there was no effect of luminal 1.0 mM ouabain. However, the axial heterogeneity of each CD segment and the small mass of CD in the whole kidney or cortical sections limits the interpretation of these data.
As noted above, dietary K ϩ depletion has been shown to produce a volume-and Na ϩ -dependent form of hypertension despite reduction of plasma aldosterone concentration. Such evidence suggests that certain H ϩ -K ϩ -ATPase isoforms could participate in NaCl uptake, and experimental evidence supports the functional coupling of an H ϩ -K ϩ ATPase and an apical Cl Ϫ /HCO 3 Ϫ exchanger in the CCD, possibly in the B-type IC (106) . Thus the precise cation specificity of the luminal and cytosolic binding sites of H ϩ -K ϩ -ATPase isoforms may have profound importance if the binding affinities differ between species. These observations could help to explain not only the well-known interaction of K ϩ intake on Na ϩ intake but also the difference in the adaptive responses to K ϩ depletion of humans versus commonly studied laboratory animals.
Knockout studies. HK␣ 1 -null mice have been generated (76) and have survived, although they exhibited achlorhydria, hypergastrinemia, and metaplasia of the gastric epithelium. The secretory membranes and gastric mucosa of the HK␣ 1 -null mice were also abnormal. Although no overt renal phenotype was observed in the HK␣ 1 -null mice, no detailed study has been published on the renal function of these mice. Subsequent studies indicate that such investigations are essential to fully understand the role of these two H ϩ pumps in solute transport (46). Petrovic et al. (61) reported the possible existence of a novel and compensatory H ϩ -K ϩ -ATPase activity. Measurement of K ϩ -dependent H ϩ secretion in the CCD of HK␣ 1 -null animals revealed the presence of an apparently unique Sch-28080-and ouabain-insensitive transporter. Review of the human genome for a third P-type ATPase ␣-subunit gene did not reveal a likely candidate gene (http://biobase.dk/ϳaxe/ patbase.html). However, such an activity could be produced via alternative splicing of existing genes or posttranslational modification of an ion pump subunit. Since the H ϩ -K ϩ -ATPases require an additional ␤-subunit to function, the activity detected by Petrovic et al. may be due to a previously unrecognized HK␣ 2 /␤ pair that confers these unique pharmacological properties. P-type ATPase ␣-subunits can exhibit modified profiles depending on the identity of the coassembled ␤-subunit (29). Specifically, the work of Geering and coworkers (19) has clearly demonstrated that different ␤-subunits confer different protease sensitivities to HK␣ 2 and that these structural changes can be observed in response to K ϩ and ouabain.
The ability of HK␣ 2 -null mice to retain fecal and urinary K ϩ has been studied under control and K ϩ -depleted conditions (48) . Under control conditions, no dramatic differences were observed between WT and HK␣ 2 -null mice. However, when fed a K ϩ -free diet for 18 days, the null mice lost four times more fecal K ϩ than the WT animals. However, these knockouts did not display a significant renal phenotype. The HK␣ 2 -null mice also lost twice as much body weight as WT -ATPase was expressed in the apical membrane of the anterior prostate epithelium. In a convincing study, this group evaluated the acidification of anterior prostate fluid in the HK␣ 2 -null mice (60) . They found that the pH of prostate fluid in the HK␣ 2 -null animals was 6.96 compared with 6.38 in WT mice. This loss of acidification strongly suggested that the HK␣ 2 H ϩ -K ϩ -ATPase functions as a H ϩ pump in vivo and is required for acidification of luminal prostate fluids. Additionally, mice with disruption for Atp12a (encoding for HK␣ 2 ) have loss of apical immunohistochemical localization for NaK␤ 1 , supporting the role of this ␤-subunit as the authentic in vivo subunit in the mouse anterior prostate for the apically localized HK␣ 2 -NaK␤ 1 H ϩ -K ϩ -ATPase (59) similar to the work of Codina et al. (14) in rat medulla. Indeed, we recently investigated (46) rates of pH i recovery and acid extrusion in response to acute acid loading in two types of IC from the CCD of WT mice and in these null mice. The results confirm a significant and separate contribution of both HK␣ 1 and HK␣ 2 to acid extrusion in both A-type and B-type IC in mice fed a normal diet. Moreover, it is now clear that both HK␣ 1 and HK␣ 2 independently contribute to H ϩ secretion in mice fed normal mouse chow and that combined disruption of both catalytic subunits (HK␣ 1,2 ) reveals independent effects of both gene products at least in A-type IC (46) . Such observations suggest that these two pumps independently secrete H ϩ in exchange for cellular K ϩ /cation reabsorption, which supports the role of both isoforms in renal solute transport.
In summary, HK␣ 1 -and HK␣ 2 -null mice have been generated, but the renal phenotype of these mouse models has not been fully characterized. Examining the HK␣ 1 -and HK␣ 1,2 -null mice during K ϩ and Na ϩ depletion, as well as acid and alkali loading, will provide valuable insight into the physiological function of renal H ϩ -K ϩ -ATPases in pathophysiological states.
Regulation of Renal H
Signaling molecules. Regulation of the Na ϩ -K ϩ -ATPase by accessory subunits and signaling molecules is considerably better understood compared with that of the H ϩ -K ϩ -ATPases. In an effort to characterize more fully these mechanisms of regulation for the HK␣ 1 H ϩ -K ϩ -ATPase, Cornelius and Mahmmoud (18) undertook a profiling study to explore the acute regulation mechanisms of the gastric H ϩ -K ϩ -ATPase. It is well established that the activity of the gastric enzyme depends on trafficking of the enzyme from intracellular vesicles to the apical membrane of gastric parietal cells. The signals regulating this trafficking event are not fully understood but most likely involve second messenger molecules such as cAMP, Ca 2ϩ , and diacylglycerol. The protein kinases involved in these signaling pathways include protein kinases A and C (PKA, PKC). Consensus sequence sites for these kinases are present in the HK␣ 1 protein. Using a combination of proteolytic fingerprinting and 32 P-kinase assays, these investigators demonstrated the presence of a PKC phosphorylation site at the NH 2 terminus of HK␣ 1 and a PKA phosphorylation site at the COOH terminus. However, the latter site was only phosphorylated in the presence of detergent, indicating that it may or may not be physiologically relevant. The PKC phosphorylation site is likely Ser 27, a highly conserved PKC site. The catalytic activity of the gastric H ϩ -K ϩ -ATPase was significantly increased by NH 2 -terminal PKC (Ca 2ϩ -dependent isoforms) phosphorylation. These investigators concluded that, since the activation of catalytic activity occurred at saturating ATP concentrations, the most likely reaction step affected by PKC phosphorylation was the E1ϳP to E2-P transition. Phosphorylation of HK␣ 1 at the NH 2 -terminal PKC site may therefore serve as a "conformational switching signal," with implications for regulation of H ϩ secretion. Another group of investigators used rat CCD to study the mechanism behind the PKA-dependent activation of the HK␣ 1 H ϩ -K ϩ -ATPase by isoproterenol (45) . Using a [ 32 P]ATPase assay in combination with various inhibitors, Laroche-Joubert et al. (45) investigated a ␤-adrenergic receptor pathway specifically in ␤-IC of the CCD. They found that isoproterenol activated a G protein-coupled receptor that in turn led to the release of cAMP and activation of PKA. This was followed by stimulation of a pathway involving a tyrosine kinase-Ras-Raf- Fig. 2 . The model is colored from dark blue at the NH 2 terminus to red at the COOH terminus. The A, N, P, and transmembrane domains are labeled. In their two reports, Munson et al. used the HK␣ 1 models to consider the mecha-nism for counterion transport, the binding of K ϩ competitive inhibitors, and the pathways for K ϩ entry and exit. For further review of these modeling studies, the reader is referred to Sachs et al. (63) . This group used a combination of energy minimization and molecular dynamics to generate their models. Alignment of the HK␣ 1 Further work by this group and refinement of the proposed mechanism of ion transport includes the entry pathway of K ϩ and the role of the arrival of K ϩ to destabilize the interaction of Lys 794 and Glu 820 and 795. These events are proposed to initiate the conformation changes that result in the hydrolysis of the phosphate at the active site, which results in the conformational change to the E 1 form of the enzyme (67) . Of note, K ϩ access from the lumen depends on K ϩ conductance through the KCNQ1/KCNE2 complex, whereas CLIC6 is proposed to conduct Cl Ϫ (67) . These theoretical models are consistent with site-directed mutagenesis studies in which the WT and mutant (E820A) HK␣ 1 subunit were expressed with the HK␤ subunit in Sf9 cells. The WT and mutant enzymes both showed a biphasic activation by K ϩ on ATP hydrolysis, but with the mutant having a significantly reduced K ϩ affinity (33), and showed that Glu 795 is essential for HK␣ 1 H ϩ -K ϩ -ATPase activity (32).
The application of these modeling exercises to the kidney could potentially answer important questions about the ion affinities and transport properties of HK␣ 1 and HK␣ 2 . For example, given the extensive data that suggest a role for either or both of the HK␣ 1 and HK␣ 2 H ϩ -K ϩ -ATPases in Na ϩ transport, a molecular dynamics simulation should be performed to test whether or not Na ϩ can be directly transported on the enzyme. The transport of other ions and the accessibility of proposed regulatory sites could be evaluated as well. As discussed below, future studies on the HK␣ 1 and HK␣ 2 H ϩ -K ϩ -ATPases will likely be focused on delineating their role in the transport of ions other than H ϩ and K ϩ .
Conclusions and the Future
Despite the well-established catalytic cycle of the H ϩ -K ϩ -ATPase family of ion-motive pumps, much further investigation into the function and regulation of H ϩ -K ϩ -ATPases is needed to ascertain the specific physiological roles of these ion pumps. The available evidence, albeit imperfect, supports the assertion that progress on the functional importance of these pumps has been hampered by the label as an "H ϩ -K ϩ -ATPase." Our knowledge of the role of these pumps will remain incomplete until reliable data can be obtained about the cation specificity of both the cytosolic and the extracellular cation binding sites and their rank order affinity for the physiological (and pathophysiological) abundant cations such as H 3 O ϩ , Na ϩ , K ϩ , and NH 4 ϩ . Various approaches will likely prove essential, and mutual verification by physiological and biochemical approaches should provide important new understanding of these pumps during normal and physiologically stressed conditions. The characterization of mice lacking functional expression of either or both H ϩ -K ϩ -ATPase ␣-subunits, HK␣ 1 and HK␣ 2 , in pathological dietary conditions will be imperative to assess the specific role of the enzyme in both electrolyte and acid-base homeostasis. A recent report demon- strates the impairment of H
